We propose a scheme based on a heterodyne laser link that allows for long baseline gravitational wave detection using atom interferometry. While the baseline length in previous atom-based proposals is constrained by the need for a reference laser to remain collimated as it propagates between two satellites, here we circumvent this requirement by employing a strong local oscillator laser near each atom ensemble that is phase locked to the reference laser beam. Longer baselines offer a number of potential advantages, including enhanced sensitivity, simplified atom optics, and reduced atomic source flux requirements.
Gravitational wave (GW) detection with atom interferometry offers a promising alternative to traditional optical interferometry [1, 2] . Advantages of this approach include phase multiplication through multiple pulse sequences, proof mass resilience [3] , laser frequency noise immunity and quantum back-action noise immunity [4] . Insensitivity to laser frequency noise also allows for the possibility of a detector design based on a single linear baseline, requiring only two satellites instead of the conventional three.
In previous proposals, technical considerations have limited the possible baseline length of the detector. For suitably low frequency GWs, the sensitivity of the antenna scales linearly with the antenna baseline. In this Letter, we describe a method which enables antenna operation with substantially longer baselines. This results in designs whose sensitivities exceed those of existing proposals (e.g. LISA), but which do not require significant advances in the state-of-the-art for atom interferometry. For example, we describe an antenna with 10 times the sensitivity of the LISA antenna that invokes 12 photon recoil atom optics.
The concept for an atom-based GW antenna is to compare two light-pulse atom interferometers, one at each end of a long baseline. To implement the atom interferometers, pulses of laser light are used to realize beam splitters and mirrors for the atom de Broglie waves [5] . In a single-baseline detector, the light pulses are sent back and forth across the baseline from alternating directions, interacting with the atoms on both ends [4] . In this scheme, the phase difference between the atom interferometers is sensitive to variations of the light travel time across the baseline, so by monitoring the phase difference it is possible to detect fluctuations in the light travel time induced by GWs. Importantly, since the same laser pulses interact with atoms on both sides of the baseline, the common laser phase noise is substantially suppressed in the phase difference between the interferometers [1, 4] .
The envisioned detector consists of two independent spacecraft, each with its own source of ultracold atoms. The atom interferometers remain inside (or nearby) the local satellite, while telescopes mounted on each satellite are used to send the atom optics laser pulses across the baseline to interact with the atoms on both ends. Previous GW detection proposals using atom interferometry have assumed that the atom optics laser beam is collimated, constraining the allowed baseline length L to no larger than the Rayleigh range z R of the laser: L ≤ 2z R = 2πw 2 /λ, where λ is the laser wavelength and w is the radial beam waist [1, 4] . Assuming (Ω/2π) ∼ kHz Rabi frequencies with 1 m telescopes and 10 W laser power sets a practical limit for baseline length of L ∼ 10 3 km [1, 4] . By comparison, the traditional LISA design calls for a baseline of at least 10 6 km. Although atom interferometric detectors operating at 1000 km have the potential to reach comparable sensitivity to LISA [1] , the advantages of increasing the baseline are tantalizing. Increased detection sensitivity could allow for science reach beyond LISA's targets, potentially even giving access to signals of cosmological origin such as the predicted primordial gravitation waves generated by inflation [1] . In addition to substantially enhanced signal strength, the size of many background noise sources are suppressed. Generally, a local acceleration noise source δa results in an effective strain response ∝ δa/L, so longer baselines can reduce the technical requirements need to control a wide class of backgrounds. In addition, at the same target GW signal strength, increasing the baseline can reduce the need to use large momentum transfer (LMT) and other phase enhancement techniques [4, 6] , simplifying the interferometer operation.
Here we propose a new concept for an atom interferometric GW detector that can support substantially longer baselines without requiring proportionally larger telescopes or increased laser power. The idea is analogous to the traditional laser links used to connect the test masses in the LISA concept [7, 8] . In our proposal, intense local lasers are used to operate the atom interferometers at each end of the baseline. To connect these otherwise independent local lasers, reference lasers beams are transmitted between the two spacecraft, and the local lasers are kept phase locked to the incoming wavefronts of these reference lasers. In this scheme, the reference beams do not need to be collimated, since the phase locks can be done using much less intensity than is required to drive the atomic transitions. the baseline to be extended to LISA-like lengths with only a modest telescope size and reference beam power.
Critically, since the phase-locked local laser tracks the noise of the incoming reference laser, this arrangement maintains the essential common-mode laser phase noise cancellation between the two interferometers that allows for single baseline operation. The current proposal effectively decouples the phase noise rejection requirement from the intensity demands, allowing the flexibility to independently optimize the baseline and atomic transition rate.
A schematic of the proposed design is shown in Fig.  1 . Each satellite contains an atom interferometer that is implemented using laser pulses traveling along both the positive and negative z direction. Both satellites contain their own master laser (M1 and M2) that has enough intensity to drive transitions in the local atom interferometer. After interacting with the local atom cloud, each master laser beam exits the satellite through a beamsplitter and then propagates across the baseline towards the opposite satellite. We refer to the beams propagating between the satellites as reference beams: R1 and R2 are the reference beams originating from satellite 1 and 2, respectively.
The reference beams are not assumed to be collimated when they reach the opposite satellite, so for very long baselines the received reference beam intensity is expected to be too low to directly drive an atomic transition. To address this, local oscillator lasers (LO1 and LO2) are phase locked to the incoming reference beams, and these lasers have sufficient intensity to drive transitions in the local atom interferometers. The phase lock for laser LO1 is implemented by detecting the heterodyne beatnote formed by the incoming reference beam R2 with laser LO1 on the beam splitter BS in satellite 1 (and analogously for LO2 in satellite 2). In addition to a photodetector for measuring the phase difference between the two beams, a quadrant detector (or camera) may be used to characterize the spatial interference pattern. This allows the pointing direction and spatial mode of the two lasers to be well matched using appropriate feedback, as discussed later.
An essential consideration is the required noise performance of the phase lock between the reference beam and the local oscillator in each satellite. Any noise added by the phase lock is not common between the interferometers and so must be sufficiently small. One source of noise could arise from motion of the beam splitter (BS). The beam splitter is assumed to be rigidly connected to the satellite bus, so any platform vibration noise will affect the beam splitter as well. Recall that in the original atom GW design [1, 4] , light propagates across the baseline between the two atom ensembles without encountering any intervening optics, decoupling the differential atom signal from satellite platform accelerations. In contrast, the reference beams in the current scheme interact with the beam splitters before reaching the atoms, conceivably adding noise. However, it turns out that the proposed scheme is insensitive to phase noise introduced by vibration of the beam splitters.
To see this, assume that the incoming reference laser has phase φ R at the nominal position r = 0 of the beam splitter. Due to vibration of the satellite, the beam splitter may be displaced by some amount ∆r, so upon reflection from the beam splitter the reference beam will instead have phase φ ′ R = φ R + k · ∆r, where k is the wavevector of the incoming reference beam. On the other hand, the LO beam that transmits through the beam splitter is not impacted by the displacement, so the heterodyne signal between the lasers encodes the vibration noise ∆r. When the phase lock is engaged, the phase of the LO laser φ LO at r = 0 is locked to the phase of the reflected reference beam, resulting in φ LO = φ R + k · ∆r. 
To avoid limiting the detector strain resolution, the photon shot noise contribution to the atom interferometer phase must be less than the contribution from atom shot noise. The RMS phase response of the atom interferometer to a laser pulse with optical phase noise PSD S φ (ω) is δφ 2 rms = S φ (ω)|H(ω)| 2 dω, where |H(ω)| is the atom interferometer optical phase noise susceptibility [9] . For a single pulse, the susceptibility is a low pass filter with |H(ω)| ≈ 1 out to roughly the Rabi frequency ω = Ω [1, 9] . Optical shot noise has a white power spectrum S φ (ω) = S sh , so the RMS phase noise for an interferometer with n p (assumed uncorrelated) pulses is approximately δφ 2 rms ≈ n p S sh Ω. The Rabi frequency Ω = I t /2I sat is set by the intensity
at the transmitting satellite and assumes a two-level transition with saturation intensity I sat = 2π 2 c Γ/3λ 3 and natural linewidth Γ. Assuming an atom interferometer repetition rate of f R , the associated noise PSD is δφ
The final noise amplitude spectral density is then
where the telescope diameter is taken to be d = 2w t . By comparison, the phase noise PSD of atom shot noise is δφ 2 a = 1/N a , where N a is the mean number of detected atoms per unit time that participate in the atom interferometer signal. In designing the laser link phase lock we require that δφ γ ≤ δφ a . Assuming the Sr clock transition, the telescope diameter is constrained to be where n p = 7 corresponds to a 2 k interferometer [4] . Figure 2 shows the strain sensitivity curves for two long-baseline designs using Sr atoms. The more conservative design (green) uses an L = 2 × 10 9 m baseline and the photon shot-noise limited laser link assumes 1 W laser power, a d = 30 cm diameter telescope, as well as χ = 50 concurrent interferometers to support a f R = χ/2T ≈ 0.2 Hz sampling rate. The long baseline allows for high sensitivity even though the design assumes conservative 2 k atom optics and atom shotnoise of δφ a = 10 −3 rad/ √ Hz. A long interrogation time of T = 160 s is used to support low frequency sensitivity, but despite this long drift time the maximum wavepacket separation is bounded to < 2 m, minimizing satellite size. The atom source design assumes ensembles of 7 × 10 6 atoms with a 20 pK longitudinal temperature, allowing for a Ω/2π = 60 Hz Rabi frequency. Such design criteria are readily met using existing technology [10] .
LMT techniques allow for enhanced sensitivity, as shown by the second strain sensitivity curve (blue) in Fig. 2 . This design is based on a 12 k interferometer sequence with an L = 6 × 10 8 m baseline and improved phase noise δφ a = 10 −4 rad/ √ Hz. Photon shot noise requirements are met using 1 W laser power and a d = 50 cm diameter telescope, giving Rabi frequency Ω/2π = 40 Hz. The design has a sampling rate of f R = χ/2T ≈ 1 Hz and assumes χ = 120 concurrent interferometers [11] . The increased phase sensitivity of this design allows for improved low frequency response even using a smaller interrogation time. Using T = 75 s, the maximum wavepacket separation is < 4 m.
Another source of noise is timing delay and jitter in the pulses emitted by the phase-locked local oscillator laser. Referring to Fig. 1 , consider a pulse emitted from M1 at time t that arrives at the satellite 2 beam splitter at time t a . If the pulse emitted from LO2 is delayed by some time t d after the arrival of the reference pulse, the laser phase φ LO (t a + t d ) imprinted on interferometer 2 will be different from the phase φ M (t) written onto interferometer 1 by the amount φ LO (t a + t d ) − φ M (t) = ωt d + δφ, where ω is the instantaneous frequency of laser LO2 at time t a and δφ ≡ φ LO (t a ) − φ M (t) quantifies any imperfection in the phase lock between R1 and LO2. In addition, the delayed transition in interferometer 2 implies that interferometer 1 spends more time in the excited state by comparison, leading to an extra differential phase ω A t d for excited state energy ω A [12] . The total gradiometer phase due to the delayed pulse is then ∆φ delay = (ω − ω A )t d + δφ. Assuming a perfect phase lock (δφ = 0), noise can arise from either timing jitter δt d or frequency noise δω, giving a noise PSD of δφ
, where ∆ = ω − ω A is the pulse detuning and N is any LMT phase enhancement factor. Keeping each term below δφ a requires noise amplitude spectral densities of δω = 2π×80
at frequencies in the GW detection band. In particular, this shows that the long-time frequency stability requirements of the LO laser can be reduced by ensuring that the pulses from the LO are well synchronized with the incoming reference pulses, keeping t d small. In practice, t d ∼ 10 ns with RMS noise δt d ∼ 1 ns appears straightforward, suggesting that LO pulse timing constraints are manageable.
Satellite and laser beam pointing jitter can also introduce noise. Consider a beam propagating approximately along the z axis in Fig. 1 from satellite 1 towards satellite 2 that is tilted by a small angle θ y about the y-axis. Near satellite 1, the phase of the Gaussian beam varies with position as Φ 1 (x, z) ≈ kz + kθ y x, where the center of rotation of the beam is taken to be x = 0, z = 0. By comparison, the phase near satellite 2 is
for baseline length L much longer than the Rayleigh range z R . Here a long baseline is advantageous since when z R ≪ L the beam arriving at satellite 2 is approximately a spherical wave, so the dependance of the phase on angle is greatly suppressed. In this limit, the pointing jitter constraint is set by the Φ 1 coupling and has noise amplitude δφ θ = 4kN ∆x δθ, where δθ 2 is the angle noise PSD and ∆x is the transverse position offset of the atom relative to the baseline [2, 13] . The pointing requirement is then
To avoid introducing additional pointing noise, the LO laser beam incident on the atoms must point in the same direction as the incoming reference laser pulse. This can be facilitated by monitoring the relative angle between the two beams at the beam splitter. In addition to measuring the beat note for the phase lock, a position sensitive detector such as as quadrant photodiode or a CCD camera could be used to record the spatial interference pattern between the reference and LO beams. Feedback applied to a tip-tilt mirror (show as TTM in Fig. 1 before the BS) can then be used to control the angle of the LO laser. Similarly, the angle of the master laser itself can be controlled by comparing it to LO laser direction and using another tip-tilt mirror. The interference signal between the LO and the master can be generated using a Michelson interferometer geometry, inserting an additional beam splitter at any point along the path where the two beams are counter-propagating. In this configuration, the pointing stability of all the beams is tied to the stability of the incoming (nearly) spherical wavefronts of the reference beam.
The performance of the angle control loop is ultimately limited by the shot noise of the received reference wavefront. To estimate this, note that the power difference ∆P between the two sides of a quadrant detector due to the spatial interference pattern caused by a small angle ∆θ between the LO and the reference beam is ∆P ≈ 4 √ 2π √ P LO P r ∆θ w t /λ for a telescope diameter d = 2w t and received powers P LO and P r from the two beams [14] . The noise in ∆P is dominated by the strong LO beam, giving a noise PSD of δ(∆P ) 2 ≈ δP 2 LO = hνP LO assuming shot noise for the LO optical power noise. The shot noise limit for a measurement of ∆θ is then given by amplitude spectral density
where S sh = hν/P r is the phase noise PSD of the reference beam and we assume a design with S sh = δφ 2 a as before. Comparing this with the requirement in Eq. 5 suggests that the angle can be sufficiently well measured to control the LO pointing direction. This also suggests that overall satellite bus pointing requirements are modest (∼ 10 −6 rad/ √ Hz, limited by the dynamic range of the pointing servos), and substantially reduced from previous proposals.
Past designs have required large momentum transfer to reach design sensitivity. The designs proposed here operate at lower momentum transfer and thus place much less stringent constraints on laser phase front stability. For example, here we require a phase stability of λ/30 for the telescope. Following references [1, 2, 15, 16] , laser wavefront aberrations δλ/λ couple to satellite transverse position noise δx, resulting in phase noise amplitude δφ λ = 16π 2 N (δλ/λ)δx/Λ, where Λ is the aberration wavelength [13] 
where we have assumed satellite transverse position jitter of δx = 1 µm/ √ Hz. This suggests modest satellite bus jitter requirements.
In addition to pointing errors, measuring the spatial interference pattern can also provide information about the wavefront of the LO laser. Since most abberations have diffracted out of the beam after propagating across the long baseline, the reference beam is a pristine optical wavefront reference. It might be possible to mitigate wavefront requirements further [2] by combining this wavefront measurement with appropriate feedback on the LO mode cleaning optics.
Instrument constraints imposed by backgrounds that have their origin in spurious forces or phase shifts (due to, for example, magnetic field gradients, blackbody shifts, AC Stark shifts or gravitational gradients) are significantly eased due to the longer baseline. Since previous shorter baseline designs could meet these requirements [18] , in the longer baseline designs proposed here these backgrounds can be brought to levels where they do not impact instrument performance.
Several variations of the basic laser link concept are possible. For example, by employing a second laser link on each satellite, a dedicated reference laser can be used to generate the reference beams instead of relying on the transmitted master laser light as shown in Fig. 1 . In this modified setup, the heterodyne signal between the master laser and the new reference laser is formed on the existing beam splitter (BS) such that the reflected reference laser beam is directed towards the opposite satellite. Additional beam splitters, samplers, and polarization optics may be used to overlap the new beam paths with the existing LO lock paths.
Generalizing further, if the reference beam is a separate laser then in principle its wavelength can be different from that of the atomic transition. An optical frequency comb would then be used to implement the heterodyne lock, spanning the frequency difference between the reference laser and the lasers responsible for interrogating the atoms. Changing the reference wavelength could lead to lower optical shot noise (∼ λ 5/4 in Eq. 1) or could exploit existing laser technology at particular wavelengths.
